The magnetic, resonance, and electric properties of La x MnO 3+␦ ͑0.815Յ x Յ 1.0͒ polycrystalline samples have been studied in the temperature range of 77-370 K and at high pressures of up to 11.5 kbar. It is shown that the increase in the La/Mn ratio gives rise to a change in the low temperature magnetic state from ferromagnetic to cluster spin glass, as well as to a drastic transformation of electric properties. A peculiar double-peaked shape is characteristic of the resistivity versus temperature curves for the intermediate range of x values. Within this range, the application of high pressures drastically changes both the value of resistivity and the character of its temperature dependence. It is shown that the approach, which regards the state of La x MnO 3+␦ polycrystals as a mixture of interpenetrating paramagnetic insulating and ferromagnetic metallic phases, is able to successfully describe the peculiarities of the temperature dependence of total resistivity, as well as the features of its transformation under hydrostatic compression. It is demonstrated that the formation of a low temperature resistance peak is a result of a wide-temperature-region coexistence of the phases, which exhibits opposite trends in the temperature dependences of resistivity. The conclusion is made that not only does hydrostatic compression result in drastic changes in the relative volume fractions of the coexisting phases, but it also affects the intrinsic parameters of each of the phases.
I. INTRODUCTION
Doped perovskite manganites La 1−y A y MnO 3+␦ ͑A =Ca,Sr,Ba,...͒ have attracted much recent attention primarily due to the discovery of negative colossal magnetoresistance around the Curie temperature T C .
1,2 Although it was recognized long ago that the essential physics of these materials mainly stems from the double exchange resulting from the motion of an electron between Mn 3+ ͑t 2g 3 e g 1 ͒ and Mn 4+ ͑t 2g 3 e g 0 ͒ ions, 3 recent studies have highlighted the important role of the Jahn-Teller distortion associated with the Mn 3+ ion as well as charge ordering effects opposing double exchange. 4, 5 In view of the competing character of these interactions, a change in the Mn 4+ / Mn 3+ ratio, caused either by heterovalent substitutions or by the introduction of cation ͑anion͒ vacancies, may greatly affect the properties of doped manganites, leading in some cases to the appearance of extremely complex electronic/magnetic orderings 5, 6 or peculiar phase-separated states. 7, 8 The optimally doped ͑y Ϸ 0.3͒ manganite compounds are metallic and ferromagnetic ͑FM͒ at low temperatures, while their conductivity displays activated behavior at high temperatures. The metal-insulator transition between these two states is strongly associated with the magnetic ordering one and this manifests itself in the formation of a resistivity peak in the vicinity of T C . The origin of this peak was, in detail, discussed in papers. 4, 7, 9 In many cases, however, there appears to be an additional low-temperature peak ͑LT-peak͒ ͑or a tendency to its emergence in a form of a plateau͒ on the resistivity versus temperature T dependences for thin film 8, 10, 11 as well as bulk polycrystalline [12] [13] [14] samples of manganites, which is not related to any kind of phase transitions, neither a magnetic nor a structural one. The approaches, which are able to explain the origin of the LT-peak, can be divided into two groups, according to the mechanisms which under the phenomenon. All of them coincide in considering the state of the doped manganites as highly inhomogeneous system consisting of metallic and insulating regions, but differ in mechanisms of charge transfer through the high-resistive regions.
The first group of approaches bases the explanation for the LT-peak appearance on the statement that there exists a difference in the Curie temperature between a grain core and intergrain region, and a charge transfer through the latter region occurs through a spin-dependent tunneling. In most cases, it is assumed additionally that the scattering of T C values in the intergrain region is rather small. 13, 15, 16 In polycrystalline samples, it is the outer layers of crystallites that serve as tunneling barriers. 13, 15 In single crystals, these are the twinning planes or phase separation boundaries. 16 Although there can be objections to the generality of this mechanism, 11, 17 one can prove its importance, especially in polycrystalline samples with a small grain size. So, for example, for the granular samples of La 0.85 Sr 0.15 MnO 3 mangaa͒ Author to whom correspondence should be addressed. Electronic mail: atov@imag.kiev.ua.
nites, which were synthesized by a sol-gel method, there is a good correspondence between the double-peak ͑T͒ dependences, obtained experimentally, and those calculated within the frames of the model of spin-dependent tunneling, for a wide range of granule sizes ͑50-190 nm͒. 13 The authors of the paper in Ref. 13 come to the conclusion that both intrinsic transport and intergranular tunneling simultaneously exist in the system under investigation, with the role of the latter decreasing with the growth in size of a granule. In a limit case, i.e., in the case where the polycrystalline sample of the same composition is synthesized by a standard ceramic technology, the former mechanism becomes completely dominant and the ͑T͒ dependence exhibits only one narrow peak at T Ϸ T C .
The other groups of approaches 11, 18, 19 are based on a phase separation scenario, the tendency, which is well pronounced in doped manganite compounds. 7 Of all the kinds of electronic phase separation observed in manganites, this approach takes only into account the large-scale low-Ohmic clusters inside a high-resistive antiferromagnetic ͑AFM͒ or paramagnetic ͑PM͒ matrix at T Ͻ T C , with such kind of magnetically two-phase state being a result of either the intrinsic tendency toward the phase separation, 7 or a first-order type of a PM to FM transition. 20, 21 In Refs. 11 and 22 the behavior of the interpenetrating mixture of PM high-resistive and FM metallic phases was examined in the framework of the percolation model. It was shown that, as the region of the phase coexistence increases, the resistive transition first broadens, then, in addition to the resistive peak near T C , a LT-peak appears and begins to grow. Later on it becomes dominant and, finally, only a weak shoulderlike feature remains at T C . For the calculations, the authors used quite realistic values of the constants describing the temperature dependences of resistivity of each of the phases, with the width of the transition being fitted. Such an approach was successfully applied to the description of the double-peaked ͑T͒ dependence for the ultrathin epitaxial film La 0.6 Sr 0.4 MnO 3 .
11 For the calculations, the temperature dependences of the phase fractions and resistivity in the PM phase were deduced from the experimental data and only for the resistivity of the FM phase was an approximate average expression used.
Self-doped manganites La x MnO 3+␦ ͑0.815Յ x Յ 1͒ are suitable model compounds for the examination of the latter approach, since for the samples synthesized under identical conditions, the character of the ͑T͒ dependences changes from activated ͑x = 1 , 0.97͒ to well pronounced doublepeaked ͑x = 0.90, 0.815͒ with a simultaneous transformation of magnetic structure from cluster spin glass ͑CSG͒ to FM. [23] [24] [25] At the same time, as x changes from 1 to 0.815, the concentration of the metallic phase crosses the percolation limit. Such a wide range of variation in transport and magnetic properties is brought about by a variation in both the concentration of Mn 4+ ions and cation vacancies in lanthanum and manganese sublattices. The application of high pressures makes it possible to change the character of conductivity from activated to metallic for the sample with x = 0.94. 25 The present work is aimed at the elucidation of the nature of the anomalous double-peak form of the temperature dependence of electric resistivity for self-doped nonstoichiometric manganites La x MnO 3+␦ . Comprehensive studies, which include structural, magnetic, electric, and resonance ͑ 55 Mn NMR͒ measurements at normal and high pressures, make it possible to create an integrated picture, which allows one to describe the behavior of these compounds in detail. It is demonstrated that the approach developed in Refs. 11 and 22 is applicable to an explanation of the transport properties of lanthanum-deficient manganites, with the only parameter being fitted and other ones being deduced from the magnetic and resonance measurements. The conclusion is made about the importance of accounting for intergrain charge transfer effects in the samples with an increased La/Mn ratio.
II. EXPERIMENTAL DETAILS
A series of La x MnO 3+␦ ͑x = 1.0; 0.97; 0.94; 0.90; 0.815͒ polycrystals was synthesized simultaneously and under the same conditions by the conventional technology of solid state reactions in air. 23, 25, 26 According to a pseudobinary phase diagram for the system La 2 O 3 -Mn 2 O 3 , 27 a single phase perovskite structure remains stable until the boundary La/ Mn= 0.91 is crossed. For the samples under investigation, the minimal value of x ͑x = 0.815͒ was deliberately chosen slightly lower than 0.91, since the boundary value could depend on the synthesis conditions. The powders of extrapure-grade La 2 O 3 and Mn 2 O 3 , predried and calcined, were used as starting materials. Appropriate mixtures of the powders were homogenized by vibration milling and pressed under a pressure of 2 kbar. All the samples were first annealed at 1000°C for 28 h, then subjected to intermediate grinding and pressing, and finally were sintered at 1100°C for 30 h. The details of the measurements carried out are described elsewhere. [23] [24] [25] [26] 28 
III. EXPERIMENTAL RESULTS

A. Structure, microstructure, and chemical composition
Crystallographic parameters of the samples were obtained from x-ray diffraction measurements performed with the use of a DRON-3 diffractometer ͑Ni K␣ radiation͒. All the samples are single phase and have a rhombohedral R3c structure. No secondary phases are detected even at the La/Mn ratio equaling 0.815. The sample notations and their corresponding crystallographic parameters are shown in Table I . To estimate the content of Mn 4+ ions in the synthesized samples, we used the data of Ref. 27 . The authors of this work showed that, in spite of the diversity of crystalline structures inherent in La x MnO 3+␦ , the only dependence, which is monotonic and smooth, is that of the content of Mn 4+ ions on a unit cell volume V. Based on the known values of V, the content of Mn 4+ ions was calculated either directly ͑for L 1.00 and L 0.90 ͒ with the use of the data presented in Ref. 27 or by means of a linear interpolation ͑for L 0.97 and L 0.94 ͒ or extrapolation ͑for L 0.815 ͒ from the data available. All these data, along with the values of the oxygen nonstoichiometry index ␦ calculated from the electric neu-trality condition, are also presented in Table I . It is noteworthy that such an approach was also used in Ref. 29 4 However, the rhombohedral distortion, inherent to the samples under discussion, is not surprising, since with the increase in Mn 4+ fraction, the transition from orthorhombic to rhombohedral structure occurs as the content of Mn 4+ ions crosses a certain value C b ͑different papers give different values for C b between 15% and 27%͒. 27, 31 The estimation of the vacancy concentration in cation sublattices was based on the conclusions of Ref. 32 , which showed that the perovskitelike structure, which is inherently tightly packed, does not allow the overstoichiometric oxygen to appear in the form of interstitial defects; the compounds with nominal oxygen excess can only be formed if there are vacancies in both lanthanum and manganese sublattices. For this reason, the correct chemical formula of these compounds can be rewritten as
where ᮀ denotes the vacancy. The refined chemical formulas, obtained under the assumption that the distribution of the additional vacancies between the nodes of the La and Mn subsystem is equivalent, are also shown in Table I . Here, the values of density, both calculated from the data of x-ray studies and measured experimentally, are also presented. Figures 1͑a͒-1͑e͒ show the pictures of a cleaved surface for the L 1.0 −L 0.815 samples, obtained by scanning electron microscopy ͑SEM͒. As the lanthanum content is reduced, the average size of a grain grows from mesoscopic ͑less than 1 m͒ to microscopic ͑ϳ2 m͒. For the L 1.00 and L 0.97 samples, one can observe separate grains, often with a clearly pronounced faceting, the contact area for which is small. This explains the high porosity obtained experimentally for these samples ͑see Table I͒. For the L 0.94 sample, the contact area between the grains increases and one can discern a kind of labyrinthic structure. At the same time, all these changes are accompanied by the increase in the average grain size. When going from the L 0.94 to L 0.90 sample, the average grain size grows further ͑Fig. 2͒. A peculiar feature of the microstructure of the L 0.90 and L 0.815 samples is the presence of simply connected domains containing a number of grains. It is worth noting that the porosity of these samples is lower and equals 5%-7%. The average grain size is 1.4, 1.6, and 2.0 m for the L 0.94 , L 0.90 , and L 0.815 samples, respectively.
Such features of the microstructure evolution for the samples, synthesized under the same conditions, can be explained based on the conclusions of Ref. 33 . In the case of a solid state synthesis, it is volume ionic diffusion that governs the grain growth processes, and the greater number of vacancies are formed ͑this especially concerns the vacancies in the La sublattice͒, the higher is the ion mobility. As a result of this, in a row of samples sintered at the same temperature, the ones with a smaller La content are denser. So, in Ref. 33 the samples with the La/Mn ratios 1.0 and 0.91, sintered at 1100°C, had the relative densities of 64% and 95%, respectively, which are close to the corresponding values ͑69% and 93%͒ obtained in the present work. What is more, the grain size for the former sample, 1 m, as determined by the authors of Ref. 33 , is almost the same as that obtained in our work. For the samples with a fixed La/Mn ratio, the authors of Ref. 33 noticed three stages occurring sequentially as the sintering temperature increases: a formation of isthmuses between grains, a compaction of grains, and finally, their growth. In our case where the sintering temperature is fixed, one can observe these stages with the variation in La content, which additionally testifies to the fact that it is an ionic diffusion rate that is the principal factor governing a sample microstructure. Based on the results of the SEM investigations, one can expect that the contribution from the intergrain area to the total conductivity will diminish with a decrease in La content.
B. Magnetic properties
An initial susceptibility was measured at 1 MHz by the radio-frequency method, which consists in recording a response of the test oscillator frequency to a change in a magnetic permeability for the sample under study. 34 Although this method does not allow one to obtain precise static data, it turns out to be useful in probing the magnetic state of a sample at high pressures. Figure 3 shows the temperature dependences of the oscillator frequency change ⌬f = f͑T = 300 K͒ − f͑T͒ at normal pressure for all the samples, except L 1.0 , for which the results obtained with the use of a superconducting quantum interference device ͑SQUID͒ mag- netometer, were presented in Ref. 24 . Here, we should stress that the L 1.0 sample studied in Refs. [23] [24] [25] and in this paper is the same sample. At small values of the circuit fill factor K, the relative changes in frequency are related to the susceptibility as ⌬f / f =2K / ͑1+N͒, where N is the demagnetization factor of a sample. 35 When the values of are small ͑ Ӷ 1 / N͒, the response ⌬f / f =2K / N is proportional to the susceptibility, while in the inverse case, when ӷ 1 / N, the value of ⌬f / f is constant. The latter condition is usually fulfilled in weakly anisotropic FM compounds, since they exhibit high values of the susceptibility resulted from the reversible displacement of domain walls. In our case, this situation is observed in L 0.94 , L 0.90 , and L 0.815 , which undergo the transition into the FM state at temperatures T C presented in Table II . Here, T C is defined as a temperature of the inflection point on the versus T curve. The fact that L 0.90 and L 0.815 exhibit sharp magnetic transitions implies a high homogeneity of their magnetic states.
What should be discussed in more detail is the dependence of Curie temperature on the fraction of Mn 4+ ions. Whereas a relatively small change in Mn 4+ content ͑from 18% to 22%͒ when passing from L 0.94 to L 0.90 gives rise to the T C growth by 20 K, the major change in this parameter ͑from 22% to 30%͒ when passing from L 0.90 to L 0.815 results in a far smaller T C growth ͑by 10 K͒. This fact may serve as an indirect confirmation of the conclusion of Ref. 30 stating that La x MnO 3+␦ polycrystals with x Ͻ 0.91 usually contain a minute amount of Mn 3 O 4 , along with the main perovskite phase. In most cases, the former phase cannot be revealed by means of ordinary x-ray diffraction studies, due to the incomplete formation of its crystalline structure. The fact that the ⌬f͑T͒ dependence for the L 0.97 sample is not saturated means that it reflects ͑T͒ behavior more exactly. One can see a broad maximum at T = 125 K. These data are close to those of Ref. 24 , where a similar ͑T͒ curve with a maximum at 60 K was obtained for the L 1.0 sample. Such a kind of dependence implies a strong magnetic inhomogeneity in the samples. In Refs. 23 and 24 based on the comprehensive investigation of the L 1.0 sample, it was concluded that at low temperatures, it undergoes a transition into a CSG state. The same conclusion was made for the L 0.97 sample in Ref. 25 . The values of the freezing temperatures T f for these samples, taken as temperatures at which ⌬f͑T͒ curves exhibit maxima, are presented in Table II .
Let us analyze the features of the evolution of ⌬f / f versus T dependences as x changes from 0.815 to 1.0. The decrease in the Curie temperature and eventual transition to the CSG state, observed upon the increase in x, is supposed to result from a simultaneous action of two factors: ͑i͒ the decrease in the fraction of Mn 4+ ions and concomitant weakening of the FM double exchange and ͑ii͒ the presence of vacancies in the manganese subsystem ͑ϳ1-2%͒, which lead to the frustration of magnetic interactions. A strong influence of Mn vacancies on the magnetic ordering of LaMn y O 3 was clearly demonstrated in Ref. 12 . Whereas a sample with a small amount of Mn vacancies ͑5%͒ was FM with T C = 175 K, a sample with 10% of vacancies did not display any magnetic order. It is noteworthy that, as evidenced by the neutron scattering investigations, 36 the transition from the pure FM state to that consisting of a mixture of FM and AFM states occurs when the concentration of Mn 4+ ions crosses 12%, i.e., just the same value as is observed in the L 1.0 sample in our case.
The measurements of under high pressures ͑to 12 kbar in a chamber of a cylinder-piston type͒ made it possible to find the pressure-effect coefficient for the Curie temperature, dT C / dP, for the samples ordered ferromagnetically. As an example, the inset of Fig. 3 shows the ͑T , P͒ dependences for L 0.94 . The data on the effect of high pressure on magnetic transition temperature are shown in Fig. 4 and Table II Table II͒ . It is evident that even for the samples with a sufficiently sharp transition into the FM state, the volume fraction of the FM phase does not exceed 50% at low temperatures. This is no surprise, since doped manganites are known as compounds with a clearly pronounced tendency toward phase separation, 7 with the relative volume of each of the coexisting phases being strongly dependent on a number of factors, including the chemical composition and 
C. NMR spectra
The 55 Mn NMR spectra were recorded by the Hahn twopulse spin echo method 23, 24, 45 with the use of a noncoherent spectrometer with a frequency sweep and boxcar detector signal averaging. The NMR spectra were obtained by measuring the integrated intensity of the spin-echo versus frequency using a pulse sequence − 1−2 − , where 1−2 is the interval between the excitation pulses with duration = 0.7 s. In view of a fast transverse relaxation, we used the minimally possible interval 1−2 = 2.8 s, limited only by a spectrometer "dead" time. The spin-spin relaxation characterized by time T 2 was studied by measuring the form of the spin-echo decay as a function of 1−2 . To minimize the effect of high conductivity ͑skin effect͒ on the results of resonance studies, the manganite materials were ground into micrometer sized particles, which were then embedded in paraffin. These samples, prepared from the powders, were of the same shape ͑cylindrical͒ and mass.
The 55 Mn NMR spectra at 77 K are presented in Fig. 5 . For all the samples, the spectrum consists of a single line, whose amplitude monotonically diminishes when turning from L 0.815 to L 1.0 . It is important that the resonance frequency ͑ϳ370 MHz͒ and linewidth ͑ϳ50 MHz͒ are the same for the whole series ͑see Table II͒ . It should be noted that the line intensities, presented in Table II , are already reduced to a zero delay 1−2 with regard to the measured relaxation time T 2 .
A generally accepted interpretation of the 55 Mn NMR spectra in the doped perovskite manganites is the following ͑see, for example, Refs. 23, 24, and 46͒. It is known that, when placed in magnetic field H eff , a nuclear spin performs a precession around an axis coincident in direction with that of H eff , and thus, using the magnetic resonance technique, it is possible to determine the corresponding resonance frequency. For magnetically ordered media, H eff is the sum of the external and internal magnetic fields. The NMR spectra on manganese nuclei measured in an zero external field provide information on the local environment and ionization state of magnetically ordered Mn ions. 23, 24, 46 This results from the fact that the nuclear spins are coupled with the surrounding electron moments through the hyperfine field B hf = ͑2 / ␥͒A͗S͘, where ␥ is the gyromagnetic ratio having a value depending on the nucleus type, A is the hyperfine interaction constant, and ͗S͘ is the mean value of the electron spin of ion. For Mn 4+ ions ͑S =3/ 2͒ with the t 2g 3 electron configuration, the ground state is the 3 F singlet, and this results in a zero spin-dipole contribution to a hyperfine interaction. In this case, B hf , which originates from the Fermi contact interaction, 23 ions being dependent on their concentration. As the frequency of electron hopping decreases, the satellites can become resolvable, with the corresponding peaks emerging either on a low-frequency side ͑for Mn 4+ ions͒ or on a highfrequency one ͑for Mn 3+ ions͒. It is usually much easier to observe the former satellite, since the latter one has an extremely short spin-spin relaxation time T 2 . If manganese ions are ferromagnetically ordered, the lines shift toward the low frequency side and their intensity is reduced with the temperature rise.
The spectra we observe correspond to those characteristic of a fast exchange Mn 4+ ↔ Mn 3+ . However, the analysis shows that they cannot be satisfactory described by a single resonance line-only implication of a second, low-frequency line makes the spectra description adequate. 24, 25 This second line manifests itself as a weakly pronounced low-frequency wing in the vicinity of 320 MHz, which indicates that a small number of Mn 4+ ions do not take part in the exchange. These are thought to belong to the grain boundary regions or the surface of FM clusters. 47 The appearance of such a feature in our case can testify to the mesoscopic size of the FM clusters.
The fact that the NMR spectra are identical for all samples and independent of the magnetic state ͑either CSG or ferromagnetism͒ implies that the parameters of the FM phase are almost the same throughout the series. The unusual linewidth, ϳ50 MHz, in comparison with that which was observed in the optimally doped manganites ͑ϳ20 MHz͒, is indicative of the extremely low mobility of charge carriers, which, in particular, results from the presence of the structural vacancies. Another feature that attracts particular attention is the resonance frequency independence from a sample composition. What is usually observed in the doped perovskite manganites is the linear decrease in the 55 Mn NMR The most interesting feature of the NMR data is a sharp drop in the line intensity ͑by more than 15 times͒ upon a transition from the FM to CSG samples. Since the data of Table II include the corrections associated with the changes in T 2 , one should analyze two other reasons potentially responsible for the occurrence of this phenomenon. The first one is the sharp decrease in the volume fraction of the FM phase when turning from the FM to CSG samples. This suggestion, however, disagrees with the data on the evolution of the saturation magnetization M s ͑see Table I͒ , even though their reliability is disputable for the latter samples.
The second reason may lie in the difference in the NMR enhancement factor . Here, we should note that when carrying out the measurements, the parameters of the experiment were always chosen in such a way that the condition ␥H 1 =2 / 3 was fulfilled. This means that the value of H 1 , which acted on the 55 Mn nuclei and determined a transverse component of the oscillating nuclear magnetization, was the same for all the samples. However, the echo signal we measure is times gained by the electron system and, thus, the amplitude of the echo signal turns out to be proportional to , provided that the concentration of the resonating nuclei is the same.
The measurements of magnetic susceptibility ͑see Fig. 3͒ show that at low temperatures, all FM samples display the plateau, which is indicative of the presence of a magnetic domain structure. 49 At the same time, in the CSG samples, this phenomenon is not observed, which implies that the size of the FM clusters is less than the critical size needed to form the multidomain FM state. It is well known 23, 45 that due to the large susceptibility of the reversible displacement of the domain walls, the NMR enhancement factor for the nuclei in the domain walls is substantially larger compared to inside the domains. Thus, it is a transition from a single to a multidomain state that is the likely reason for the observed phenomenon.
D. Electric properties
dc electric resistivity was measured by a standard fourpoint method. 25, 28 The measurements were performed on the samples cut into rectangular bars. The contacts were deposited by firing silver paste at 450°C. For measurements at high pressures, the chamber of a cylinder-piston type was used. The versus T dependences for the L 0.97 , L 0.94 , L 0.90 , and L 0.815 samples are depicted in Figs. 6-9, respectively. The ͑T͒ curve for the L 1.0 sample is located higher than that for L 0.97 . 23, 24 For the L 1.0 and L 0.97 samples, the electric conductivity exhibits the activated character ͑d / dT Ͻ 0͒ over the whole temperature range under discussion ͑77-300 K͒. For these samples, the application of high pressure strongly reduces resistivity, but does not change the character of its temperature dependence. On the contrary, a strong transformation of the ͑T͒ curve under the influence of pressure is observed for the L 0.94 sample. At normal pressure, a broad maximum at T m Х 105 K and slightly noticeable tendency toward metallic ͑d / dT Ͼ 0͒ conductivity below T m are char- For the case of the L 0.90 and L 0.815 samples, the versus T dependence shows two strongly pronounced peaks: the first one near T C and the second, the LT-peak, at 200 and 173 K for the former and latter samples, respectively. High pressures do not change the character of the curves and to a lesser extent affect the absolute values of resistivity. Figures 10͑a͒ and 10͑b͒ , which compares the concentration dependencies of the amplitude of NMR line at 370 MHz and electric conductivity −1 at 77 K, allows us to look more closely at the observed phenomena. It is evident that both quantities undergo drastic changes at the same value La/ MnϷ 0.95, which implies that both phenomena have the same origin. One can conclude that it is at this critical value that the volume fraction of the FM phase crosses a percolation limit, which results in both a conductivity jump ͑due to the formation of a simply connected highly conductive domains͒ and NMR intensity growth ͑due to the additional enhancement, to which the FM domain walls make a significant contribution͒. As follows from the results of magnetic measurements ͑see Table II͒ , the concentration of the FM phase f c , at which the percolation occurs, is about 0.45.
IV. ANALYSIS OF RESULTS
To date, a number of approaches have been developed to calculate the total resistance of the medium consisting of two phases, which differ in resistivity or its temperature dependence. 9, [13] [14] [15] [16] [17] [18] [19] All of them are close in concept but differ in calculation techniques. In Ref. 19 for example, the random-resistor network and 3D lattice model with nearestneighbor electron hopping were used to numerically calculate the resistivity of the media separated into metallic and insulating domains. The one-orbital model for manganites with cooperative phonons and AFM superexchange coupling was investigated in Ref. 9 via large-scale Monte Carlo simulations.
In this work, as also earlier, 11, 22 we exploit the percolation model, which was developed in Ref. 50 to describe the resistance of the two-phase medium and was experimentally verified on a large number of binary media. The author of Ref. 50 obtained the equation, which relates the total resistivity to the resistivities of each of the coexisting phases, f and p , their volume fractions, f and p , and two parameters-the critical volume fraction of the metallic ͑in our case-FM͒ phase f c , at which the percolation occurs, and the effective demagnetization coefficient L, which is determined by the shape of the inclusions of one phase in another one. Here, the subscripts f and p refer to FM and PM phases, respectively.
Being adapted to our case, this expression can be written as
where
For simplicity, let us make calculations, assuming that the shape of the inclusions is close to the spherical and, thus, L =1/ 3. The estimations made in Ref. 50 showed that for the ellipsoids of rotation, oriented along the current flow, the changes in L are small enough for a wide range of ratios between the ellipsoid axes, 1 / 2 Ͻ c / a Ͻ 2. For this reason, the results of the calculations are not particularly sensitive to the morphology of the mutual distribution of the phases and such a choice of L is well grounded. To calculate the versus T dependence within the region of the PM-FM phase coexistence, we will use the dependencies f ͑T͒ and p ͑T͒, obtained experimentally at low and high temperatures, respectively. At the same time, we will also set f c = 0.45, as was obtained experimentally, since this parameter can vary widely in real systems 50, 51 and the utilization of its theoretical values is not always justified. As in the cases considered in Refs. 11 and 22 the expression for f ͑T͒ was taken in the form
which accounts for the broadening of the magnetic transition in the vicinity of T C . The volume fraction of the FM metallic phase at low temperatures, f 0 , was taken from Table II . Here, t = T / T C and d is the parameter characterizing the transition width. It is only this parameter that was varied in the calculations to achieve the best agreement with the experimental data.
It should be noted that the f ͑T͒ dependences for the bulk samples of ͑La, Ca͒MnO 3 system, obtained experimen- Mn NMR signal intensity and ͑b͒ resistivity on the La/Mn ratio ͑T =77 K͒. Measurements of resistivity were carried out at normal ͑open circles͒ and high ͑crosses͒ pressures.
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tally by means of Mössbauer spectroscopy, are quite well described by Eq. ͑3͒: fitting of the experimental data taken from Refs. 43 and 44 resulted in d = 0.075 and 0.033, respectively. The analysis of the high temperature ͑T Ͼ T C ͒ behavior of resistivity, carried out for a large number of doped manganites and generalized, for example, in Refs. 11, 52, and 53 show that in a vast majority of cases, it obeys the law p ͑T͒ = AT exp͑E/T͒. ͑4͒ Figure 11 illustrates the validity of this law for the four samples under study. Slight deviations just above T C are apparently caused by a presence of a minute fraction of FM phase at T Ͼ T C , as is often observed in manganite compounds. 54, 55 The values of the constant A and activation energy E are shown in Table III . One should notice that the values of E are close to those reported for other systems of manganites ͑see Ref. 52 as an example͒, which is indicative of a weak dependence of the charge transfer mechanism on a way of doping. The values of A and E, shown in Table III , will be used for the calculations of total resistivity as a function of T, with the dependence ͑4͒ being extended to the region T Ͻ T C .
The low temperature behavior of f ͑T͒ in most cases obeys the law
which reflects the important role of the electron correlations in manganites. 11, 56 Figure 12 illustrates the validity of this law for the samples L 0.90 and L 0.815 ; the corresponding coefficients are shown in Table III . However, due to the fact that the volumes of the PM and FM phases are comparable at low temperatures, the utilization of these coefficients for the description of the resistivity of the FM phase is unjustified. To estimate the actual values of these coefficients B a and C a , describing just the resistivity of the FM phase, we used the asymptotic expression
which follows from Eq. ͑2͒ under the condition that p ӷ .
The analysis shows that this condition is fulfilled at T Ͻ 140 K for the cases of L 0.90 and L 0.815 . The values of the coefficients B a and C a , obtained in such a way, are also presented in Table III . Since the condition p ӷ and the quadratic dependence ͑5͒ are not valid for the L 0.94 sample, it is impossible to restore the coefficients B a and C a from the available data. That is why, in the calculations, we used the corresponding coefficients for the nearest neighboring sample, i.e., for L 0.90 .
Before proceeding further, let us discuss how strongly the intrinsic transport properties of the samples under investigation might be affected by porosity effects. As is seen from Fig. 1 and the data of Table I , all the samples are porous and this should be accounted for in our analysis.
To date, various aspects of the porosity effects on electric and heat transport properties have been analyzed in Refs. 57-61 with the use of a number of approaches and calculation techniques. In particular, a simple analytical model developed by Mizusaki et al. 58 relates the conductivity of highly porous but simply connected ceramics to its porosity. A numerical method developed by Zinchenko 59 is capable of calculating the effective conductivity of randomly packed granular materials with a high particle-to-medium conductiv- ity ratio. The features of the influence of tunneling effects on the electric conductivity of porous materials were specified in Refs. 62 and 63. All the above results can be summarized as follows. For the cases where the tunneling effects do not play an important role in the charge transfer processes, the porosity affects the absolute value of resistivity and scarcely transforms its temperature dependence. Otherwise, it is the tunneling effects that govern the temperature, electric field, and stress dependences of the electric resistivity. [62] [63] [64] As follows from Fig. 1͑d͒ and 1͑e͒ , the characteristic feature of the microstructure of the La x MnO 3+␦ samples with x = 0.815 and 0.90 is the presence of simply connected domains containing a number of grains. The data of Table I show that the porosity of these samples does not exceed 7%. In both cases, the peak resistivity is comparable with the values observed in the polycrystalline samples for which the negligible role of tunneling effects was proved experimentally. [65] [66] [67] All these facts imply that for the L 0.815 and L 0.90 samples, the porosity affects the absolute value of resistivity but hardly modifies its temperature dependence. For the other samples, however, the role of porosity as well as the contribution of tunneling effects to the conductivity should be discussed separately. This will be done below in the section where the resistivity of the L 0.94 sample is analyzed.
The L 0.90 sample is the most suitable for the comparison of the experimental and calculated versus T dependences, since for this, a complete set of the parameters necessary for calculations ͓see Eqs. ͑2͒ and ͑3͔͒ is deduced from experiment, and only the parameter d, which characterizes a transition width, should be fitted. Figure 13 compares the results of the calculations with the experimental ͑T͒ dependence at normal pressure. It is seen that for d = 0.09÷ 0.1, the calculated curves are closest to the experimental one, concerns both the LT-peak position and its height. The fact that the calculated ͑T C ͒ value is somewhat higher than the experimental one can be explained by the presence of a small fraction of the FM phase at T Ն T C , as was noted above. To date, there has been ample direct evidence, obtained with the use of resonance techniques, that in doped manganites, the FM clusters may be present above T C . 54, 55 Thus, the results obtained for the L 0.90 sample are in compliance with the SEM investigations, which show that, due to a relatively large average grain size and ample amount of simply connected metallic domains, the role of intergrain charge transfer in the total conductivity does not prevail. In fact, it turns out that the double-peaked character of versus T dependence can be naturally explained within the frames of the simple model, which accounts for the coexistence of two magnetic phases with a different character of temperature dependence of resistivity. Figure 14 shows the results of a similar simulation for the L 0.815 sample. It can be seen that for d = 0.05, the calculated dependence is qualitatively consistent with the experimental data, but the quantitative agreement is worse than that for the case of L 0.90 . Although the former sample has an even larger grain size, there is an important reason that can lead to the worsening of the correspondence between experiment and calculations-the possible chemical multiphase state of the latter sample and considerable uncertainty in f 0 . It should be noted that the fact that the fitted value of the parameter d decreases ͑from 0.1 to 0.05͒ upon a transition from L 0.90 to L 0.815 sample is in accordance with the data of magnetic susceptibility measurements ͑see Fig. 3͒ : the magnetic transition becomes sharper as the La content diminishes.
A comparison of the calculated and experimental data for the L 0.94 sample is made in Fig. 15 . The best agreement in the range 130-300 K is achieved for d = 0.11. The calculated data describe well both the shoulderlike anomaly at T C = 205 K and the activated character of resistivity down to ϳ130 K. However, at lower temperatures, the difference between the calculated and experimental data is essential; for all reasonable values of d, the calculations show a distinctive "metallization," instead of a plateau, and, as a result, the calculated and experimental data differ by about five times. As was noted above, the analysis of the SEM pictures is indicative of the increased contribution of intergrain charge transfer processes in the samples with greater x. Thus, although the grain cores may display metallic conductivity at low temperatures, the contribution from the surface layers, which usually have degraded magnetic properties and raised resistivity, impedes a strong resistivity reduction, which eventually results in a formation of a plateau. Let us consider how well the approach under consideration can describe the ͑T͒ dependence at high hydrostatic pressures. Analyze the experimental curves obtained at a maximal pressure for two characteristic samples: the L 0.90 sample, which displays metallic conductivity with negligible changes under high pressure, and the L 0.94 sample, whose "metallization" under high pressures is most pronounced. A comparison of the concentration dependences −1 ͑La/ Mn͒ at normal and high pressures ͑ϳ11.5 kbar͒ ͓see Fig. 10͑b͔͒ shows that the value of the La/Mn ratio, at which percolation occurs, is not changed and approximately equals Ϸ0.95. This, however, does not automatically mean that also the value of f c remains the same, i.e., 0.45. As follows from the experimental data, 68, 69 in manganites, the application of even moderately high pressures ͑Ͻ10 kbar͒ gives rise not only to the T C growth, but also to the increase in f . So, the pressure-effect coefficient for the FM volume fraction of LaMnO 3.05 manganite was shown to be ϳ8.7ϫ 10 −3 kbar −1 . 68 As follows from the recent data, 69 the application of a pressure of 9.3 kbar to La 0.7 Sr 0.3 MnO 2.85 manganite leads to the increase in the f value from 13% to 18%. For this reason, in further calculations, we should take into account the likely effect of high pressure on the change in the FM volume fraction and vary not only the parameter d, but also f . Based on the data available, we set a restriction that the increase in f , caused by the application of a pressure of ϳ11 kbar, cannot be less than 5% and more than 10%.
As follows from the calculations, the activation energy E ͓see Eq. ͑4͔͒ for the L 0.90 sample decreases from 1510 K at normal pressure to 1467 K at high pressure. This change in E corresponds to the rate dE / dP = −0.34 meV/ kbar, which is close to the value −0.6 meV/ kbar obtained in Ref. 70 for La 0.75 Ca 0.25 MnO 3 . The best agreement between the calculated and experimental data is achieved when the increment in both f 0 and f c is the same and is equal to 5%. Figure 16 compares the results of the calculations with the experimental data obtained at P = 11.5 kbar. The best correspondence is observed for d taking the value between 0.10 and 0.11. A slight increase in the transition width, compared to the case of normal pressure, can be naturally explained by taking account of the inevitable nonhydrostatic character of the applied pressure. It should be noted that the correspondence becomes far worse when only the increment in f 0 is taken into account with f c set constant, or vice versa. Thus, the approach employed not only allows us to describe the effect of high pressure on the magnetic and transport properties of doped manganites, but also provides a deeper insight into the nature of the changes induced by pressure. So, as follows from the calculations, for the case of the L 0.90 sample, both the relative volume fractions of the coexisting phases and the parameters of each of the phases turn out to be drastically affected. In particular, the changes the FM phase undergoes are the 5% increment in the volume fraction and three times resistivity drop under a pressure of 10.9 kbar.
For the case of the L 0.94 sample, the activation energy displays a slight increase with the pressure rise with a rate dE / dP = 0.29 meV/ kbar. At none of the fitting parameter values can a satisfactory agreement be achieved between the calculated and experimental versus T dependences obtained at P = 11.8 kbar ͑Fig. 17͒. At d Ն 0.1, the LT-peak resulting from simulations is a few times higher than its actual value. The smaller d values neither go along with the results of the calculations at normal pressure ͑see Fig. 15͒ , nor agree with the data of magnetic susceptibility measurements ͑see Fig. 3͒ . Thus, the fact that neither at normal pressure, nor at high one, can the behavior of the resistivity be satisfactory described within the frames of the model that we successfully employed earlier, testifies to the enhanced role of the processes of intergrain charge transfer in L 0.94 , and this is likely to be associated with a small grain size and poor intergrain connectivity. Therefore, a pronounced metallization under high pressure results from the transformation of the processes of charge transfer through the intergrain area, rather than from the change in the character of the grain core resistivity.
As was noted above, the versus T dependences exhibiting the LT-peak are often observed in weakly doped and self-doped manganites. 11, 16, 18, 22, 25 Based on the conclusions of the papers, 11, 18, 22 as well as those of the results of the present paper, one can assert that the reason for the appear- ance of this peak lies in a broadened magnetic transition, with the formation of such a peak being a result of the opposite trends in the behavior of the resistivity of the coexisting phases. Sometimes, the temperature of the LT-peak is erroneously regarded as a temperature of a metal-insulator phase transition T mi and high values of the pressure-effect coefficients are reported for this temperature ͓dT mi / dP Ϸ −4 K / kbar ͑Ref. 16͔͒. It follows from the argument above that there is no any phase transition at T mi and, thus, the introduction of such a coefficient is inappropriate. It should also be stressed that special care should be taken when trying to deduce the temperature of magnetic transition from the resistivity data, as the LT-peak can far exceed the peak, which is usually observed near T C in doped manganites, and its temperature can mistakenly be regarded as the Curie temperature.
V. CONCLUSIONS
Magnetic, resonance, and electric properties of the La x MnO 3+␦ ͑0.815Յ x Յ 1.0͒ polycrystalline samples have been studied as functions of temperature, La/Mn ratio, and hydrostatic compression. It is shown that upon lowering the temperature, all the samples undergo a transition from the high-temperature PM state to a low-temperature one, with the latter being either FM for x = 0.815-0.94, or CSG for x = 0.97 and 1.0. Both the temperature of magnetic transition and saturation magnetization diminish and the transitions become more broadened as the La/Mn ratio grows. The hydrostatic compression strongly affects the value of the Curie temperature, which reflects the enhanced sensitivity of the double exchange interaction to the interatomic distance. It is demonstrated that in all the samples under consideration, the PM phase persists down to the lowest temperatures and its volume fraction rises with the increase in x.
As the resistivity versus temperature dependences display opposite trends in the PM and FM states, the magnetic transition in doped manganites is usually accompanied by a resistive transition, which manifests itself in the formation of the resistive peak near T C . In our case, such a peak is markedly pronounced in the samples with the lower values of La/Mn ratio ͑ϳ0.8͒. On the contrary, no resistance peak is observed in the samples with x ϳ 1.0 and the versus T dependences display an activated character over the whole temperature region. A peculiar double-peaked shape is characteristic of the versus T curves for the intermediate range of x values. It is within this range that the application of high pressures drastically changes both the value of the resistivity and the character of its temperature dependence.
Both the intensity of the 55 Mn NMR signal and electric conductivity at 77 K display a sharp drop as the La/Mn ratio crosses 0.95. It is at this concentration that the volume fraction of the FM phase crosses the percolation limit and this highly conductive phase does not form a simply connected highly conductive domain any longer. The critical concentration of the FM phase, at which percolation occurs, is found to be f c Ӎ 0.45. It is this value that was used in subsequent calculations to simulate the transport properties of the selfdoped magnates.
The approach, treating the state of the La x MnO 3+␦ polycrystalline samples as a mixture of interpenetrating PM insulating and FM metallic phases, is shown to successfully describe both the peculiarities of the temperature dependence of total resistivity and the features of its transformation under hydrostatic compression. It has been demonstrated that the formation of the low temperature resistance peak is a result of a wide-temperature-region coexistence of the PM and FM phases exhibiting opposite trends in the resistivity behavior. The hydrostatic compression drastically affects both the relative volume fractions of the coexisting phases and the parameters of each of the phases. It follows from the calculations that, as the La/Mn ratio increases, the processes of intergrain charge transfer make more and more significant contribution to the total resistivity, which is associated with a smaller grain size and poorer intergrain connectivity.
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